BBB leakage of blood proteins was examined in iNPH and controls. • Light microscopy revealed fibrin(ogen) extravasation in iNPH.
Introduction
Idiopathic normal pressure hydrocephalus (iNPH) was described more than 50 years ago as a clinical triad of gait disturbance, urinary incontinence and cognitive deterioration, combined with enlarged cerebral ventricles, but normal lumbar cerebrospinal fluid (CSF) pressure (Adams et al., 1965) . The notation idiopathic refers to the fact that the underlying cause has remained unknown (Relkin et al., 2005) . iNPH is unique among other neurodegenerative and dementia diseases in being treatable by CSF diversion surgery (i.e. shunt surgery), but the clinical improvement declines after some years (Eide and Sorteberg, 2016) .
which has been suggested to account for more than 55% of the clearance of highly damaging wastes such as amyloid-β from the brain. In iNPH patients, clearance of a CSF tracer from the extra-vascular space is delayed throughout the brain , including the entorhinal cortex (Eide and Ringstad, 2019) that is crucial for cognitive function. Clearance failure may underlie deposition of macro-molecules in neurodegenerative disease. There are neuropathological similarities between iNPH and Alzheimer's disease (Elobeid et al., 2015; Leinonen et al., 2010) ; both diseases show deposition in the brain of amyloid-β, suggesting impaired clearance of metabolic waste products.
Recent observations from our group suggest marked alterations in the glia-vascular interface of iNPH. At the capillary level, the glymphatic system is confined to the basement membrane, and changes at this level can impact glymphatic function. Thus, histopathological examination of cortical biopsies from iNPH brains showed neuronal degeneration and prominent astrogliosis, as well as reduced expression of aquaporin 4 (AQP4) and dystrophin 71 (Dp71) in astrocytic perivascular endfeet (Eide and Hansson, 2018) . Electron microscopic (EM) immunocytochemistry confirmed the reduction and even loss of perivascular AQP4 (Hasan-Olive et al., 2019a) . Further studies disclosed degenerating and degenerated pericyte processes in cerebral cortex capillaries, increased prevalence of luminal caveolae and transcytotic vesicles in the capillary endothelium, as well as distorted and thick capillary basement membranes (Eidsvaag et al., 2017b) . While these observations suggest impaired neurovascular units in the cerebral cortex of iNPH individuals, however, no breaks, distortion or deficits in the endothelial lining of cerebral blood vessels could be demonstrated (Eidsvaag et al., 2017b) .
On this background, we decided to investigate the function of the blood-brain-barrier (BBB), which is of critical importance for maintaining the meticulously controlled extracellular milieu in the brain parenchyma and the dynamically regulated metabolism (Daneman and Prat, 2015; Farrall and Wardlaw, 2009; Keaney and Campbell, 2015; Kisler et al., 2017; Sweeney et al., 2016; Sweeney et al., 2018a; Sweeney et al., 2018b) . We selected as marker of the presumed BBB dysfunction endogenous fibrinogen, a high molecular weight (340 kDa) inflammation prone endogenous plasma glycoprotein that is not demonstrable in the normal adult human brain parenchyma but in trace amounts in elderly (Alafuzoff et al., 1985; Alafuzoff et al., 1987; Medcalf, 2017; Paul et al., 2007; Petersen et al., 2018; Sweeney et al., 2016; Sweeney et al., 2018a; Sweeney et al., 2018b) . Observations in iNPH patients were compared with findings from cortical brain tissue specimens of individuals undergoing elective neurosurgery for various reasons. In a separate study we have documented BBB dysfunction in brain biopsies from patients with idiopathic intracranial hypertension (IIH) (Hasan-Olive et al., 2019b) .
Results

Study cohort
The study cohort consists of 14 REF and 45 iNPH subjects; demographic, clinical and management information are shown in Table 1 . The REF subjects were significantly younger than the iNPH individuals, while symptoms had lasted for a longer period in the REF than iNPH individuals (Table 1) . Shunt surgery was performed in 37/45 iNPH patients in whom 35/37 patients improved clinically after surgery.
Blood-brain barrier integrity
General histopathological observations
The included brain specimens comprised at least the 3 superficial layers of the cerebral cortex (the molecular, external granular and external pyramidal layers). While all biopsies from iNPH were from the right frontal cortex, the cortical biopsies from REF individuals were from the frontal cortex in 5, parieto-occipital in 1, occipital in 1, and temporal cortex in 7 individuals. Apparent brain edema, hemorrhages or major distortion were not seen, except for along parts of cut margins. The presently reported leakage of fibrin(ogen) was, however, not confined to the cut edges.
The REF brain tissue has as well been utilized in a study regarding BBB leakage in individuals with IIH.
Observations in cerebral cortex of REF subjects
In the cortex of 10/14 REF subjects, there was no evidence of fibrinogen extravasation in the cortical layers I, II and III ( Fig. 1A) , which is indicative of preserved cortical BBB integrity.
Four individuals, all epilepsy cases, had a few areas in layers I, II and III with extravasation of fibrin(ogen) ( Fig. 1B-D) . The fibrin(ogen) extravasations in these cases showed larger variations in the intensity than observed among the iNPH cases.
None of the biopsies from cerebral cortex of patients with aneurysm (n = 4) or brain tumor (n = 1) did display any signs of BBB leakage.
Observations in cerebral cortex of iNPH patients
Extravascular accumulation of fibrin(ogen) was demonstrable in 45/45 iNPH subjects within the cortical layers I, . In some biopsies, only minor fibrin(ogen) extravasation could be demonstrated in the cortex ( Fig. 2A, B ) while in others, multiple areas and prominent extravasations were seen (Figs. 3A, C, 4A,B), occasionally appearing confluent ( Fig. 4A,B) . A small blood vessel, usually interpreted as a capillary, was recognized in central parts of the fibrin(ogen) immunoreactivity . Occasionally, an arteriole could be recognized delimited by a perivascular Virchow-Robbin space with extravasated fibrin(ogen). In areas with extensive, confluent fibrin(ogen) extravasation arterioles and venules were recognized among capillaries, but it turned out to be difficult to pinpoint which vessel was leaking. The intensity of the fibrin(ogen) immunoreactivity was distinct although with variable intensity within each cortical BBB leakage spot . In some areas with fibrin(ogen) extravasation astrocytes as well as nerve cells could be seen distinctly stained due to cytoplasmic Categorical data presented as numbers; continuous data presented as mean ± standard deviation (std). Significant differences between continuous variables were determined by independent samples t-test, and differences between categorical data were determined by Pearson chi square test (ns: nonsignificant). Differences between groups for NPH score was determined by Mann-Whitney test. and/or nuclear fibrin(ogen) (Fig. 4C, D) . It must be stressed that most of the area of the sections was unstained in the majority of the specimens, reflecting that large areas within the NPH cortical tissue retained intact BBB. Parts of the walls of small blood vessel, usually endothelial cells, could as well show LM fibrin(ogen) immunoreactivity (Figs. 2B, C, 3C, 4B-D). No extravasated red blood cells were recognized within or outside the fibrin(ogen) immunoreactive areas as far as could be detected in hematoxylin-eosin and in Luxol fast blue-cresyl violet stained figure) , but there is no extravasation in the brain parenchyma. Scattered small blood vessels with stained vascular constituents marked by black arrow (epilepsy). (B) In this specimen from an epilepsy case there are fibrin(ogen) extravasation around small blood vessels (black arrow). A blood vessel with clot is marked by a blue arrow. Cerebral surface above. (C) A medium sized blood vessel in the center shows no fibrin(ogen) extravasation. However a distinct extravasation is seen at the lower margin bordered at its right margin by an unstained nerve cell (black arrow, epilepsy). (D) Extravasation from a central vessel is marked by a black arrow. Note the stained vascular wall cell in capillaries lacking extravasations (green arrow, epilepsy). Nerve cells indicated by red arrows. Bars A-C = 100 µm; D = 50 µm.
sections.
In one iNPH biopsy specimen, subcortical white matter tissue was available enabling LM immunohistochemical demonstration of fibrin (ogen). The fibrin(ogen) extravasations in the subcortical white matter was of lower intensity with a diffuse peripheral delimitation contrasting to the fairly distinct appearance of the extravasated fibrin(ogen) in the gray matter ( Fig. 2A-C) . The intensity of the immunostaining seemed to decrease with the distance from the blood vessels. Uptake of fibrin (ogen) was demonstrable both for nerve processes and for glial cells.
BBB leakage of fibrin(ogen) in iNPH versus REF subjects
The percentage area of extravasated fibrin(ogen) was significantly higher in the iNPH than REF cohort (Fig. 5) . Percentage values of area of fibrin(ogen) for the individual cases are given in Suppl Table 1 . Moreover, comparing iNPH patients with clinical favorable response to shunt surgery (n = 37) with those managed conservatively or not responding to surgery (n = 8), showed no difference in percentage area of extravasated fibrin(ogen) (data not shown). Fig. 2A revealing fibrin(ogen) extravasation around a central capillary (black arrow). Stained cells in capillaries lacking extravasation are marked by green arrow while a red arrow points to a nerve cell. A medium sized clotted blood vessel (blue arrow) without any extravasation. (C) The extravasations in the boxed area to the right in the subcortical white matter in Fig. 2A show a diffuse delimitation and have a vessel in the center (black arrow). Cells in the capillary wall stained (green arrow). Bars A = 100 µm; B, C = 50 µm.
Blood-brain barrier integrity and expression of GFAP, AQP4, Dp71 and CD68
Astrogliosis was more pronounced in iNPH patients than REF subjects, as indicated by higher percentage area of glial fibrillary acidic protein (GFAP), while the perivascular expression of AQP4 and Dp71 was reduced in iNPH (Table 2) . There was no difference in percentage area of Cluster of Differentiation 68 (CD68) immunoreactivity (IR) between groups ( Table 2 ). The immunohistochemical staining of GFAP and AQP4 is further presented in Fig. 6 .
There was a highly significant positive correlation between percentage area of extravasated fibrin(ogen) and percentage area of GFAP ( Fig. 7A ), providing evidence of an association between degree of fibrin(ogen) leakage and astrogliosis. Moreover, there was a highly significant association between percentage area of extravasated fibrin (ogen) and arbitrary units (AU) for perivascular AQP4 (Fig. 7B ), and also between percentage area of extravasated fibrin(ogen) and AU for perivascular Dp71 (Fig. 7C ). Increasing values of AU correspond with reduced expression of AQP4 and Dp71, respectively. In other words, increasing degree of fibrin(ogen) leakage was associated with reduced perivascular expression of both AQP4 and Dp71. We found no association between percentage area of extravasated fibrin(ogen) and expression of AQP4 in neuropil (data not shown).
There was no association between percentage area of extravasated fibrin(ogen) and percentage area of CD68, which is indicative of activated microglia and macrophages ( Fig. 7D) .
Discussion
The present observations disclosed extravasation of fibrin(ogen) in 4/14 REF subjects and in 45/45 iNPH individuals, with significantly higher percentage area of extravasated fibrin(ogen) in cerebral cortex of iNPH than REF subjects. Moreover, higher degree of extravasated fibrin(ogen) was accompanied with increased astrogliosis, while it was associated with reduced perivascular expression of AQP4 and Dp71. No association between extravasated fibrin(ogen) and CD68, indicative of neuroinflammation, was found. The extravasated immunoreactive material, fibrinogen and fibrin, in this paper collectively denoted fibrin (ogen) was not rapidly washed away or degraded, but retained.
Study cohort
Our REF individuals were significantly younger than the iNPH patients (Table 1) . It may therefore not be excluded that some fibrin(ogen) extravasation in iNPH was age-related rather than disease-related. The REF biopsies were from resected tissue of patients undergoing neurosurgery for epilepsy, brain tumor and aneurysms, but from regions not considered affected by the primary disease. None of our NPH or REF patients had any recent traumatic brain injury, which could have caused release of fibrinogen and other inflammation promoting factors in the brain parenchyma (Jenkins et al., 2018 Among the 45 included iNPH patients, 37/39 shunted individuals responded with clinical improvement postoperatively, and may be considered as definite iNPH (Mori et al., 2012) . No differences in extravasation of fibrin(ogen) were found between the 37 responders and the remaining 8 iNPH subjects.
Our series of brain biopsies were rapidly dissected and then fixed by immersion in formalin within minutes after the surgical procedure, thereby enabling us to avoid tissue artefacts due to metabolic disturbances and proteolytic degradation, as are inevitably affecting nervous tissue at autopsy.
In particular, the present findings of extravasation of fibrin(ogen) were not a phenomenon of the cut edges of the biopsies ( Figs. 2A, 3A ).
Blood-brain barrier integrity and neurodegenerative disease
The continuous endothelial lining constitutes the structural basis for the BBB that highly selectively regulates passage of substances between the blood and the brain parenchyma and removal of waste (Daneman and Prat, 2015; Dorovini-Zis and Nag, 2015; Iadecola, 2017; Keaney and Campbell, 2015; Kisler et al., 2017; Sweeney et al., 2018a; Sweeney et al., 2018b) . Previous immunohistochemical studies have demonstrated extravasation of albumin, immunoglobulins and complement in autopsy brains from elderly with vascular dementia in an almost identical distribution pattern as shown in the present study (Alafuzoff et al., 1985; Alafuzoff et al., 1987) . We used extravasation of the endogenous pleiotropic blood glycoprotein fibrinogen (molecular weight 340 kDa) as indicator of the BBB function. Fibrinogen is soluble in the plasma, but converted to insoluble fibrin in the brain parenchyma, and has been shown to promote inflammation and induce reactive and toxic changes in the CNS (Erdo et al., 2017; Liebner et al., 2018; Medcalf, 2017; Merlini et al., 2019; Petersen et al., 2018; Strickland, 2018; Sweeney et al., 2018b; Ter Telgte et al., 2018) . In normal children and adults, no fibrin(ogen) is demonstrable in the brain parenchyma, but may be observed at a low level in some normal elderly (Kang et al., 2013; Petersen et al., 2018; Sweeney et al., 2018a; Sweeney et al., 2018b) .
While the BBB prevents extravasation of endogenous blood proteins in the normal adult brain, the present study showed in iNPH extravasation of fibrin(ogen) in many transcytotic vesicles of endothelial cells. Detailed examination of the BBB leakage sites revealed that a small vessel was seen in the center of all suitably sectioned extravasations. We have previously reported that electron microscopy of the same biopsies as investigated here revealed several distinct abnormalities in the small blood vessels (Eidsvaag et al., 2017b; Hasan-Olive et al., 2019a) . The capillary endothelial cells were consistently filled by vesicles and outlined by numerous invaginations in the luminal membrane. The latter are named caveolae and constitute sensing and mechanically dynamic structures with special lipid composition (Parton, 2018) . The capillary lumen of iNPH therefor looked tortuous and highly irregular but was always continuous and showed no discontinuities or defects in conjunction with the paracellular tight junctions that connect adjacent endothelial cells (Eidsvaag et al., 2017b) . In comparison, endothelial cells exposed to e.g. inflammation, The area at the white circle is slightly more stained than normal cortex. (E) The neuropil shows distinct AQP4 immunoreactivity (brown staining) while the nerve cells (black arrow) are unreactive. The red arrow points to a blood vessel outlined by AQP4 immunoreactivity. (F) The AQP4 immunoreactivity may be strongly reduced in iNPH cerebral gray matter. The blue arrows points to small blood vessels having only left small dots of staining, lacking the normal continuous lining. The red arrow points to a capillary, the right half of which shows minimal to no AQP4 staining. The black arrow points to an unreactive nerve cell. Bars A-F = 50 µm.
hypertension, hyperosmolar solutions or trauma rapidly gain an abundance of vesicles and caveolae (Andreone et al., 2017; Brightman and Reese, 1969; Hansson et al., 1975; Hansson and Johansson, 1980; Reese and Karnovsky, 1967; Sweeney et al., 2018a) . In the present study, the LM immunohistochemistry revealed that caveolae and transcytotic vesicles could contain fibrin(ogen) transferred to the abluminal basement membrane and the interstitial fluid spaces. Less frequently, we found fibrin(ogen) extravasation in arterioles and venules in the iNPH specimens. This indicates that the transcytotic path for the transfer of fibrin (ogen) through small vessel endothelial cells likely form the dominating route for protein extravasation in iNPH, i.e. constituting the pathway for the BBB leakage. This interpretation is further supported by the report that increased expression of the protein major facilitator superfamily domain containing 2a (Mfsd2a) hamper the transcytosis of vesicles formed from caveolae in cerebral endothelial cells and modify in experimental systems the function of the BBB (Andreone et al., 2017; Sweeney et al., 2018a) . Capillaries comprise in the adult human brain about 85% of the total length of the vascular tree, which measure almost 650 km (Nikolakopoulou et al., 2019; Sweeney et al., 2018a) . The dense network of capillaries is essential for proper function of the brain. Evidence of BBB leakage may therefore hevily impact the brains of iNPH inidviduals. The present finding that the BBB protein leakage preferentially was localized to capillaries in iNPH subjects is in contrast to cerebral small vessel disease in humans, wherein the main site of blood protein extravasations occurs in arteries and arterioles, to a lesser extent in capillaries while rarely in venules (Bridges et al., 2014; Farrall and Wardlaw, 2009; Iadecola, 2017; Kalaria and Hase, 2019; Zhang et al., 2017) . Furthermore, in experimental hypertension and after exposure to hyperosmolar solutions or traumatic brain injury, the main leakage sites are localized to arteries and arterioles with variable involvement of capillaries. The same iNPH specimens as assessed in the present study were characterized structurally by LM and EM, and we are therefore confident in correct identification of the types of blood vessels (Eidsvaag et al., 2017b; Hasan-Olive et al., 2019a) . We have looked for collagen in capillaries in iNPH, but found low prevalence. Pericytes were searched for and carefully identified, and found to demonstrate intact pericyte cell bodies, but degenerating or degenerated pericyte processes. There is consensus that pericytes are distinctly identifiable cells in capillaries and that loss of or degeneration of . The correlation plots show that increasing area of extravasated fibrin(ogen) significantly correlated with increasing degree of astrogliosis (a), reduced perivascular expression of AQP4 (b), and reduced perivascular expression of Dp71 (c). There was, however, no correlation between fibrin(ogen) extravasation and CD68 immunoreactivity, which is indicative of neuroinflammation. Increased arbitrary units (AU) of AQP and Dp71 is caused by more light being transmitted because of reduced expression of perivascular AQP4 and Dp71, respectively. The Pearson correlation coefficients with significance levels are shown for the individual plots.
pericytes results in leaky cerebral capillaries in humans as in experimental setting (Alafuzoff et al., 1985; Alafuzoff et al., 1987; Nikolakopoulou et al., 2019; Sweeney et al., 2016; Sweeney et al., 2018a; Sweeney et al., 2018b) . On this background, we conclude that in iNPH the main sites for BBB leakage is the cortex capillaries with some, but minor affection of arterioles and possibly also of venules. Thus, the BBB dysfunction in iNPH seems to take place in capillaries of the vascular network differing from that of human cerebral small vessel disease, wherein arteries and arterioles are by far dominating the BBB protein leakage.
The BBB prevents in the normal adult central nervous system neural cells from having access to endogenous pleiotropic plasma proteins including fibrinogen and its conversion product fibrin (Medcalf, 2017; Merlini et al., 2019; Petersen et al., 2018; Sweeney et al., 2018b) . If blood constituents, e.g. fibrin(ogen), are present in the interstitial space, neurons and astrocytes may engulf even high molecular weight proteins which become demonstrable in the cytoplasm and the nucleus as well as in processes. Injured, ischemic and inflamed neuronal cells are prone to take up proteins (Loberg et al., 1993) . In the present study we have demonstrated that nerve cells, astrocytes, endothelial cells and pericytes engulf fibrin(ogen) in and at extravasations as well as at a distance. However, the fate of the fibrin(ogen) laden cells remains to be further assessed with regard to inflammation, degeneration, BBB dysfunction and the induction of reactive cell changes including gliosis.
Fibrin(ogen) extravasation versus astrogliosis and AQP4 and Dp71 expression
There was a significant positive correlation between fibrin(ogen) extravasation and astrogliosis in this cohort of patients. We have previously reported in iNPH the prevalence of prominent astrogliosis (Eide and Hansson, 2018) , a condition known to increase the mechanical resistance and stiffness of the parenchyma (Lu et al., 2011; Verkhratsky and Butt, 2013) . The glial cells, including the astrocytes, comprises in adult humans more than half of the total number of cells and of the brain volume (Verkhratsky and Butt, 2013; Winters and Kleinschmidt-Demasters, 2015) . Fibrin(ogen) has previously been shown to activate astrocytes and microglia, which may play a crucial role for the evolvement of neurodegeneration and cognitive impairment (Cortes-Canteli et al., 2010; Merlini et al., 2019; Schachtrup et al., 2010) . Using CD68 as an indicator of neuroinflammation, we found no association with fibrin(ogen) extravasation in this study.
The astrogliosis may be one factor behind the impaired intracranial compliance (pressure-volume reserve capacity) seen in iNPH, and revealed as increased pulsatile wave ICP in these patients (Eide and Sorteberg, 2010; Eide and Sorteberg, 2016; Eide and Hansson, 2018; Eidsvaag et al., 2017b) .
We also found a significant association between the degree of fibrin (ogen) extravasation and the reduction of perivascular expression of AQP4 and Dp71. The water AQP4 is considered to be import for the CNS fluid turnover and is enriched in astrocytes perivascular endfeet plasma membranes and in ependymal membranes (Eidsvaag et al., 2017a; Nagelhus and Ottersen, 2013; Vindedal et al., 2016) . We have demonstrated by LM and EM immunohistochemistry reduced expression of AQP4, but as well of Dp71 by LM, in astrocytic perivascular endfeet (Eide and Hansson, 2018; Hasan-Olive et al., 2019a) . AQP4 is the dominating, integral membrane water-selective channel in the brain and is of crucial importance for the cerebral water homeostasis (Nagelhus and Ottersen, 2013; Verkhratsky and Butt, 2013) , and Dp71 is the predominant isoform of dystrophin in the brain, which connects the cytoskeleton with the cells plasma membrane and the extracellular matrix (Nagelhus and Ottersen, 2013; Waite et al., 2012) . A dystrophinassociated protein complex (DAPC) anchor AQP4 and ion channels, preferentially in lipid rafts in the astrocytic perivascular endfeet, and is required for proper function of the fluid transfer between the brain vessels, the interstitial fluid space and the astrocytes. Dystrophin reduction, as previously demonstrated in iNPH (Eide and Hansson, 2018) , triggers instability of the interaction between the cytoskeleton and plasma membranes, affecting signal transduction. Experimentally induced loss or mislocalization of AQP4 or other molecules of the DAPC result in abnormal brain water fluxes, and disturbed intermediary metabolism that may eventually result in slowly evolving neurodegeneration (Nagelhus and Ottersen, 2013; Pavlin et al., 2017) .
BBB integrity and iNPH pathophysiology
The functional consequences of likely redistribution of water transfer system components may be troublesome to predict, especially as coexisting with BBB dysfunction as demonstrated in the present study. In this context, it should be noted that extensive redistribution of CSF flow has been documented in iNPH. A recent report states that iNPH subjects have a 3-4 times larger CSF volumetric net flow rate passing the cerebral aqueduct in retrograde direction, i.e. from the subarachnoid space to the third and lateral ventricles, as compared to reference subjects (Lindstrom et al., 2018) . Further, the iNPH patients had a higher CSF net flow rate in cranial direction through the craniospinal junction (Lindstrom et al., 2018) , and delayed clearance of the MRI contrast agent gadobutrol, serving as a CSF tracer, from the subarachnoid space and paravascular spaces of the entire brain (Ringstad et al., 2017 . In this regard it should be noted that the fibrin (ogen) extravasation reported here were located in cortical layers I to III, while important aspects of the pathophysiology of hydrocephalus occur periventricular regions. We interpret that the effects of BBB protein leakage and the disturbed CSF circulation result in aberrant CSF and ISF turnover likely inducing hampered metabolism resulting in subischemia and eventually gliosis and neuronal cell degeneration. Experimental chronic cerebral hypoperfusion results in decreased pericyte coverage and increased BBB permeability (Liu et al., 2019) . The blood circulation in the brain is decreased at NPH (Calcagni et al., 2013; Ziegelitz et al., 2016) and there is sub-ischemia in the iNPH cerebral parenchyma (Calcagni et al., 2013; Eide and Stanisic, 2010) . We propose that shunt surgery increase the turnover of fluid in the brain with clearance of metabolites and waste products, tentatively concomitantly making the blood circulation less dysfunctional. The achieved improvement in gait, urinary function and cognitive abilities, however, only lasts some years which we consider due to that the brain microvascular system eventually slowly deteriorate (Eide and Sorteberg, 2016) .
Endothelial cells, pericytes, glial cells and nerve cells constitute the neurovascular units, cooperating and communicating to meet the demands of the nervous tissue (Engelhardt et al., 2016; Hall et al., 2014; Iadecola, 2017; Sweeney et al., 2016; Sweeney et al., 2018a; Ter Telgte et al., 2018) . An arising question is how to relate the BBB leakage of blood proteins to a range of changes in the neurovascular units of iNPH patients. First, it must be stressed that in iNPH the vast majority of the cerebral small vessels, i.e. arteries, arterioles, capillaries and venules, has intact BBB as reflected by lack of extravasation of blood proteins. However, a fraction of preferentially capillaries in the cerebral cortex were demonstrated to have a leaky BBB. We therefore scrutinized the capillaries for structural and functional abnormalities. We have in a separate study based on LM and EM of the same iNPH biopsies reported that there was no gross damage to the cerebral small vessels, such as rupture of vascular walls, defects or discontinuities in capillary endothelium or breakage of junctional complexes anchoring adjacent endothelial cells and thereby enable tentatively paravascular leakage (Eidsvaag et al., 2017b) . Most capillary endothelial cells had, however, an increased frequency of caveolae in the luminal membrane facing the blood and further increased frequency of cytoplasmic vesicles (Eidsvaag et al., 2017b) , contrasting to small vessels of normal brain having few caveolae and rare vesicles (Andreone et al., 2017; Brightman and Reese, 1969; Daneman and Prat, 2015 ; Dorovini-Zis and Nag, 2015; Hansson and Johansson, 1980; Reese and Karnovsky, 1967) . However, long-standing and therapy-resistant epilepsy may as well be associated with increased prevalence of caveolae and vesicles. The transcytosis of vesicles loaded with blood proteins including fibrin(ogen) has been demonstrated to be controlled by the level of a factor named Mfsd2a and thus considered as exactly controlled by cells in the capillary (Andreone et al., 2017; Ben-Zvi et al., 2014) . Affected capillary endothelial cells consequently have in iNPH altered prevalence of a range of structural and regulatory components such as actin, cytoskeletal constituents, and caveolin and related substances, which influence the endothelial cells mechanical and signal transduction properties (Parton, 2018) . We consider that the numerous caveolae and vesicles which were demonstrated by EM in almost every capillary endothelial cells in the iNPH biopsies (Andreone et al., 2017; Ben-Zvi et al., 2014) indicate the increased BBB dysfunction is neither transient nor temporarily. Importantly, extravasations could further not be linked to accumulation of fibrin(ogen) at cut edges (Fig. 3A) . The capillary basement membrane of iNPH is thickened and encloses vacuoles and debris, the importance of which are not fully known (Eidsvaag et al., 2017b) . The laminin proteins in the basement membrane has a variety of biological regulatory functions and is involved in the maintenance of the BBB and to some extent in the development of hydrocephalus in experimental systems (Gautam et al., 2016) . A striking feature demonstrable in the iNPH biopsies was that 85% of the investigated capillaries had degenerating and degenerated pericyte processes while in contrast the pericyte cell bodies appeared ultrastructurally normal (Eidsvaag et al., 2017b; Hasan-Olive et al., 2019a) . Reduced expression of the water channel AQP4 has been demonstrated immunohistochemically both at the LM and EM levels in perivascular astrocytic endfeet (Eide and Hansson, 2018; Hasan-Olive et al., 2019a) . The above summarized findings strongly suggest abnormal cerebral small blood vessels and dysfunctional neuro-vascular units as well as disturbed circulation of CSF. However, the exact mechanisms rendering the BBB function in the capillaries impaired are not known.
It is well established that fibrin(ogen) is an activator of microglia and neuro-inflammation (Davalos et al., 2012; Merlini et al., 2019; Paul et al., 2007) . In this study, we found no association between fibrin (ogen) extravasation and CD68.The data suggest that in iNPH the proinflammatory role of fibrinogen extravasation is less pronounced.
An arising question is whether the degenerative features of the capillary pericytes constitute a factor of key importance for the evolvement of hydrocephalus, most evidently iNPH. A recent experimental study reported that loss of cerebrovascular pericytes resulted in circulatory failure, reactive cell changes and eventually neurodegeneration (Nikolakopoulou et al., 2019) . We have in iNPH documented nerve cell degeneration, astrogliosis and reduced expression of AQP4 and Dp71 (Eide and Hansson, 2018; Eidsvaag et al., 2017b; Hasan-Olive et al., 2019a) . A striking finding was the degenerated and degenerating pericyte processes while the pericyte cell bodies appeared intact. Similar abnormalities were documented in IIH patients (Hasan-Olive et al., 2019b) . It is tempting to presume that the pericytes in iNPH as in other neurodegenerative diseases are involved in the development of abnormal fluid distribution and circulation in iNPH as well as in the BBB dysfunction. Further clarification of the role of pericytes in iNPH may elucidate the pathogenesis and enable improved therapeutic measures.
Conclusions
Our presented results showed BBB leakage visualized by extravasation of the endogenous pleiotropic blood high molecular weight glycoprotein fibrinogen and its conversion product fibrin in 45/45 iNPH patients and in 4/14 REF individuals (all 4 from epilepsy patients). Moreover, increasing degree of BBB dysfunction was associated with increasing degree of astrogliosis and decreased perivascular AQP4 and Dp71 immunoreactivity in iNPH. The presently reported BBB protein leakage was combined with a range of documented changes in the capillaries of the iNPH cases as reflected by basement membrane alterations, pericyte process degeneration, and perivascular AQP4 and Dp71 diminutions. We suggest that dysfunctional neurovascular units contribute to the neurodegeneration, paravascular clearance failure and CSF circulation disturbance characterizing iNPH.
Experimental procedures
Experimental design
The study was prospective and observational, and included consecutive iNPH and reference (REF) individuals.
Patient cohort
Reference patients
Apparently normal brain tissue from cerebral cortex was sampled from 14 individuals in whom removal of normal brain tissue was required as part of planned brain surgery (REF individuals): i) Patients undergoing brain tissue resection for epilepsy wherein a minor tissue sample was taken from the resected sample (9 patients). ii) Patients undergoing elective clipping of cerebral aneurysm (4 patients) wherein resection of tissue adjacent to the neck of the aneurysm was required due to aneurysm size and location. iii) Patient undergoing tissue resection for brain tumor (1 patient) wherein resection of visibly normal tissue was required in order to get surgical access to the tumor.
Idiopathic normal pressure hydrocephalus (iNPH)
Consecutive iNPH patients referred to the Department of Neurosurgery, Oslo University Hospital -Rikshospitalet, Oslo, Norway, from local neurological departments were included. Inclusion criteria were that they had clinical symptoms and findings, including ventriculomegaly, indicating possible iNPH (Relkin et al., 2005) . Within the department of neurosurgery, a clinical assessment is done, and intracranial pressure (ICP) monitoring is carried out over-night. Clinical severity is graded based on a NPH grading scale (Eide and Sorteberg, 2010) . The neurosurgical department's indication for CSF diversion surgery is based on the combination of patient history, clinical findings, presence of co-morbidity, imaging findings and results of the ICP monitoring. Abnormal pulsatile ICP is considered as being indicative of impaired intracranial compliance and shunt-dependency, as previously described (Eide and Sorteberg, 2010; Eide and Sorteberg, 2016) .
Biopsy procedure and processing for LM immunohistochemistry
Detailed technical procedures for the handling, processing and analysis of the cortical biopsies have previously been reported Eide and Hansson, 2018) . In short, the cortical brain biopsies from iNPH patients were obtained in conjunction with placing an ICP sensor via a burr hole in the right frontal cranium. Following opening of the dura and exposure of the brain surface, a disposable Nashold Biopsy Needle (Integra Radionics, Burlington, MA, USA) was introduced immediately below the cortical surface and a biopsy (0.9 mm × 10 mm) aspirated through the needle. The brain tissue biopsy was gently handled and immediately transferred to dissection within the operation room to ensure optimal handling. The three superficial layers (cortical layers I, II, III) were isolated and fixed by immersion in buffered formalin as were biopsy segments of subcortical white matter, if available.
Light microscopic (LM) immunohistochemistry
The specimens used for light microscopy (LM) were fixed by immersion in buffered 4% paraformaldehyde for 2 days in the cold, dehydrated and then embedded in paraffin. The tissue blocks were sectioned at a thickness of 6 µm, affixed to plus-glasses and then stored in the cold until further processed.
To measure BBB leakage of blood proteins, we investigated if extravasated human fibrinogen and fibrin could be detected using an antibody binding to both proteins (polyclonal, 1:400, A0080, Dako A/S, Glostrup, Denmark). We therefore subsequently denote immunohistochemically demonstrable reactivity of fibrinogen and fibrin collectively fibrin(ogen). Following deparaffinization and rehydration, the sections were immersed in aqueous hydrogen peroxide for 10 min to quench endogenous peroxidase activity. Antigen retrieval was performed by immersion in proteinase K working solution for 10 min at pH 8.0 (Dako). Subsequent blocking was achieved with normal horse serum prior to incubation overnight with the primary antibody at 4°C. After rinsing a biotinylated antibody was applied at 4°C (Vectastain Universal Elite Kit; Vector Labs. Inc., Burlingame, CA, USA) followed by an avidin-biotin complex as per the manufacturer's instruction. Finally, visualization was achieved using a 3,3′-diaminobezidine peroxidase substrate kit (Vector). The sections were then counterstained with hematoxylin, dehydrated, and had a coverslip mounted prior to LM. Glass slides with cortical sections from REF and iNPH subjects were processed in parallel to minimize technical variations. The specificity of the immunohistochemical reaction was checked by omission of the primary antibody.
Further, sections were processed for immunohistochemical demonstration of, GFAP, AQP4, Dp71 and CD68 as recently reported in detail (Eide and Hansson, 2018) . We here also examined for neurofilament heavy chain (NFH).
The correlation between fibrin(ogen) extravasation and expression of other proteins was not based on double immunohistochemical staining, but we compared staining in adjacent sections of the biopsies.
Additional sections were stained with hematoxylin-eosin and Luxol fast blue-cresyl violet for LM to enable identification of the cortex layers.
The technical processing of the specimens was performed by a certified laboratory (HistoCenter AB, Mölndal, Sweden).
Morphometry analysis was done with a light microscope and a Leica QWin Pro system (Leica Biosystems GmbH, Wetzlar, Germany). The system for microscope morphometry was used at identical settings for all specimens. The area fraction, expressed as area %, of the specimen showing fibrin(ogen) immunoreactivity, was thereby determined.
The densitometry and morphometry analysis of GFAP, AQP4, Dp71 and CD68 have been described in detail before (Eide and Hansson, 2018) . With regard to AQP4 and Dp71expression, low arbitrary units (AUs) mean increased AQP4 and Dp71expression, respectively.
Identification of cells
Structures and cells in the biopsy specimens were identified as recently specified Eide and Hansson, 2018; Eidsvaag et al., 2017b; Oberheim et al., 2012) .
Statistics
The statistical analyses were performed using the SPSS software version 25 (IBM Corporation, Armonk, NY). Differences between categorical data were determined by Pearson Chi-Square test, or Mann-Whitney U test. Differences between continuous data were determined using independent samples t-tests. Correlation between variables was determined by the Pearson correlation coefficient. Statistical significance was accepted at the 0.05 level (two-tailed).
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